Although it is implied that suberized apoplastic barriers of roots negatively correlate with water and solute permeabilities, direct transport measurements across roots with altered amounts and compositions of aliphatic suberin are scarce. In the present study, hydroponically grown Arabidopsis wild types (Col8 and Col0) and different suberin mutants with altered amounts and/or compositions (horst, esb1-1, and esb1-2) were used to test this hypothesis. Detailed histochemical studies revealed late development of Casparian bands and suberin lamellae in the horst mutant compared with wild types and esb mutants. Suberin analysis with gas chromatography and mass spectrometry (GC-MS) showed that the horst mutant had ;33% lower amounts of aliphatic monomers than Col8 and Col0. In contrast, enhanced suberin mutants (esb1-1 and esb1-2) had twice the amount of suberin as the wild types. Correlative permeability measurements, which were carried out for the first time with a root pressure probe for Arabidopsis, revealed that the hydraulic conductivity (Lp r ) and NaCl permeability (P sr ) of the whole root system of the horst mutant were markedly greater than in the respective wild types. This was reflected by the total amounts of aliphatic suberin determined in the roots. However, increased levels of aliphatic suberin in esb mutants failed to reduce either water or NaCl permeabilities below those of the wild types. It was concluded that the simple view and the conventional assumption that the amount of root suberin negatively correlates with permeability may not always be true. The aliphatic monomer arrangement in the suberin biopolymer and its microstructure also play a role in apoplastic barrier formation.
Introduction
Water and solute transport in roots has been shown to be variable due to (i) species specificity, with different morphologies and structures; (ii) growth conditions-that is, hydroponics, aeroponics, and soil; and (iii) different biotic and abiotic stresses (Weatherley, 1982; Kramer and Boyer, 1995; Steudle, 2000a) . According to the water demand from the shoot, the roots can adapt or even regulate water flow by changing the pathways (apoplastic versus cell to cell). Evidence collected over the past decade shows that the phenomenon of variable root hydraulics is not only related to the permeability of root cell membranes to water (as it largely is for nutrient ions), but it also depends on some variability along the apoplastic passage (Steudle and Peterson, 1998) . According to the composite structure of roots, the water flow across roots can be described in terms of a composite transport model which allows water to move through the membranes and/or along the apoplast depending on the resistances (Steudle, 1989 (Steudle, , 2001 ).
The apoplast is defined as the extraprotoplastic (outside the plasmalemma) compartment in the plant body and comprises cell walls, intercellular spaces, and the xylem (Mü nch, 1930; Peterson and Cholewa, 1998) . Unmodified cellulosic cell walls provide a porous network for the transport of a diverse range of substances such as water, gases, nutrient ions, and other solutes (Peterson and Cholewa, 1998; Nobel, 1999) . The symplast, on the other hand, is the continuum of the cytoplasm interconnected by plasmodesmata. Hence, the terms 'apoplastic' and 'symplastic' transport refer to movements within the two defined compartments. In addition, water and ions also move across plasma membranes in cells, termed the transmembrane pathway. To date, it is not possible to separate the symplastic and transmembrane components experimentally and so they are summarized as the 'cell to cell pathway' (Steudle and Frensch, 1996; Steudle, 2000a, b) . Water flow through the cell to cell pathway is mainly governed by aquaporins in the plasma membrane (Maurel, 1997; Henzler et al., 1999; Tyerman et al., 1999) . Because roots can adjust their hydraulic conductivity according to the water demand from the shoot, combinations and switching between pathways are an important issue (Steudle and Frensch, 1996; Steudle and Peterson, 1998; Steudle, 2000a, b) .
It is well known that water and ion movement through the apoplast and membranes can be hampered by modifications in the walls of certain localized cell layers such as the endodermis and the exodermis. These modifications, also termed apoplastic barriers, are known to occur in two forms: (i) state I-the development of Casparian bands in the radial and transverse cell walls due to encrustations of suberin and lignin biopolymers in the water-filled channels of primary cell walls . The Casparian bands are generally accepted to be the main resistors against water and solute fluxes through the apoplast. (ii) State II-the deposition of suberin lamellae as sheets on the inner surface of the primary cell walls, just outside the plasmalemma, named secondary cell walls. Lüttge and Higinbotham (1979) termed the lamellae as 'adcrusted suberin'. Unlike Casparian bands, suberin lamellae hinder the transmembrane transport of water and solutes.
Suberin is a heterogeneous biopolymer composed of aliphatic and aromatic domains (Kolattukudy, 1980; Bernards and Lewis, 1998; Schreiber et al., 1999; Franke et al., 2005) . Aliphatic domains, rather than aromatic domains, impart a defined hydrophobic characteristic to the walls, providing barrier properties against water . The aliphatic domain is a polyester polymer primarily comprised of x-hydroxyacids, a,x-dicarboxylic acids (diacids; DAs), carboxylic acids, and primary alcohols as long-chain aliphatic constituents with chain lengths ranging from C 16 to C 32 ; in Arabidopsis, it is up to C 24 Franke et al., 2005) . In the past, it has been shown that the amount of aliphatic suberin in roots is negatively correlated with the uptake of water in corn (Zimmermann et al., 2000) and of some nutrient ions in Arabidopsis (Baxter et al., 2009) . This was further supported by the study of Kotula et al. (2009a, b) , in which the elevated levels of suberin in the peripheral layers of stagnantly grown rice markedly decreased the radial oxygen loss and oxygen permeability of the roots. However, a study on the direct correlation between the altered amounts and compositions of suberin and the water and solute permeabilities of roots is still lacking.
In the present study, Arabidopsis wild types and different suberin mutants with altered amounts of suberin were used to investigate whether or not the change of quantity and/or quality of hydrophobic polymers directly correlates with water and solute permeabilities. Measurements with root pressure probes carried out for the first time in Arabidopsis whole root systems revealed that the hydraulic conductivities (Lp r ) and solute permeabilities (P sr ) of Arabidopsis roots were in between those of herbaceous and woody plants. Even though the horst mutant (Höfer et al., 2008) , with reduced amounts of hydrophobic suberin in its roots, resulted in increased permeabilities, the esb mutants (Baxter et al., 2009) , with enhanced levels of aliphatic suberin, failed to reduce the permeabilities below the wild type values. Hence, the present discovery does not agree with the conventional assumption that the amount of root suberin always negatively correlates with water and solute permeabilities, at least not for Arabidopsis.
Materials and methods

Selection of Arabidopsis cultivars
All physiological and biochemical experiments were performed using plants of the Arabidopsis thaliana ecotype Columbia (genotypes: Col8, Col0, horst, esb1-1, and esb1-2). The selection was based on altered (elevated or reduced) amounts and monomer compositions of aliphatic suberin in the apoplastic barriers of roots, which were determined in previous studies (Höfer et al., 2008; Baxter et al., 2009) . The Col8 and Col0 genotypes were Columbia wild types that served as the controls. The horst mutant was a T-DNA insertion line leading to the knockout of the cytochrome P450 CYP86A1 (At5g58860), a fatty acid x-hydroxylase which is expressed in the root endodermis and significantly contributes to suberin monomer biosynthesis (Höfer et al., 2008) . When grown in soil, it was shown to contain 60% less total aliphatic suberin in the roots compared with Col8. The mutants of esb1-1 and esb1-2, also termed ionomic mutants (Lahner et al., 2003) , were two independent alleles of T-DNA insertions in At2g8670, which is expressed in the root endodermis. Suberin levels of esb1-1 and esb1-2 are significantly enhanced (Baxter et al., 2009) . Soil-grown esb1-1 plants were shown to have 2-fold greater amounts of suberin compared with Col0 and to reduce the accumulation of certain ions, such as Ca, Mn, and Zn, in the shoot. Even though Arabidopsis mutants with altered amounts of suberin were discovered (with respect to their wild types), as yet no studies have investigated their impact on water and solute permeabilities. For the first time, this study combined chemical analyses with transport studies of the roots of hydroponically grown Arabidopsis plants.
Plant growth
All plants were cultivated in hydroponics according to the method previously described by Tocquin et al. (2003) . Three seeds were placed onto each of the seed holders (made from Eppendorf tubes, after removing the bottom part), filled with 0.65% agar, which were then inserted into the holes of a black PVC plate or lid. One PVC plate contained 14 holes. Before insertion, a piece of mesh was used to cover the bottom of each agar well or seed holder to prevent the agar coming out of the container (150 mm3370 mm3130 mm), which was then filled with the nutrient solution. The standard Arabidopsis nutrient solution contained 1.0 mM Ca(NO 3 ) 2 , 0.13 mM NH 4 H 2 PO 4 , 5.1 mM KNO 3 , 0.50 mM MgSO 4 , 0.03 mM NaOH, 0.02 mM EDTA, 0.02 mM FeSO 4 , 9.6 lM H 3 BO 3 , 2.0 lM MnCl 2 , 0.3 lM ZnSO 4 , 0.2 lM CuSO 4 , 0.1 lM MoO 3 , 0.08 lM Co(NO 3 ) 2 , and 29 lM NH 4 NO 3 . The osmotic concentration was 10 mOsmol kg À1 , which was equivalent to an osmotic pressure of 0.025 MPa. The culture medium was replaced each week. The hydroponics culture was maintained at a temperature of 25°C with a 16 h light (120 lmol m À2 s
À1
) and 8 h dark cycle. The relative humidity was ;40-50%. The plants used in the experiments were grown for 3-4 weeks, and the root lengths are given in Table 1 for better comparison. Histochemical studies to detect apoplastic barriers in the roots In order to detect the development of Casparian bands along the root endodermis, total roots were stained for 2 h with 0.1% (w/v) berberine hemisulphate and for a further hour with 0.5% (w/v) aniline blue (Brundrett et al., 1988) . The roots were then viewed under an epifluorescence microscope using an ultraviolet (UV) filter set (excitation filter BP 365, dichroic mirror FT 395, barrier filter LP 397; Zeiss, Oberkochen, Germany). In order to detect the suberin lamellae in the endodermis, cross-sections were made at distances of 10, 20, 30, and 40 mm from the root apex using a cryostat microtome (Microm HM 500M, Microm International, Walldorf, Germany). The cross-sections were then stained with lipophilic Sudan Red 7B and viewed under white light. Whole roots were stained with lipophilic fluorochrome fluorol yellow 088 in order to detect the root periderm (Brundrett et al., 1991) . The stained periderm could be seen by yellow fluorescence under UV light.
Analysis of suberin in roots of Arabidopsis
In order to analyse suberin, the roots which were used to measure water and solute permeabilities (see below) were incubated in an enzymatic solution containing 1% (v/v) cellulase (Celluclast, Novo Nordisk, Denmark) and 1% (v/v) pectinase (Trenolin, Erbslö h, Germany) in citric buffer (0.01 M) at pH 3.0 for 3-4 weeks. After this period, the walls, which were not modified by apoplastic barriers such as suberin or lignin, were digested away. Modified walls, such as those of the endodermis, periderm, and stelar xylem vessels, resisted digestion treatment. The digested root samples were washed in borate buffer (0.01 M; pH 9.2) for 3 d, replacing the solution every day, followed by three washes with deionized water. Then, the samples were thoroughly extracted in a mixture of chloroform and methanol (1:1; v/v) for 3 d, replacing the solution several times. The resulting cell wall material was dried and stored over silica gel for subsequent chemical analyses.
To depolymerize the suberin, the dried root samples were transesterified using a mixture of methanol/borontrifluoride (MeOH/BF 3 ; Fulka, Germany) at 70°C for 16 h, as described by Zeier and Schreiber (1998) . The released methyl esters of the suberin monomers were derivatized using 20 ll of pyridine and 20 ll of BSTFA (N,N-bis-trimethylsilyltrifluoroacetamide; MacheryNagel, Dü ren, Germany) at 70°C for 40 min. Derivatization converted the free carboxyl and hydroxyl groups to their trimethylsilyl (TMS) esters and ethers, respectively. The TMS derivatives were analysed using gas chromatography (GC) and mass spectrometry (MS; Agilent Technologies, Bö blingen, Germany). The released monomers were quantified by GC and flame ionization detection (Agilent Technologies), referring to an internal standard (20 lg of n-dotriacontane). The results of the suberin analyses were related to the unit surface area of the roots. Five to six replicates were used for each cultivar.
Preparation of root systems for the root pressure probe and measurement of water and solute permeabilities Three-week-old plants were removed from the seed holders and any agar remaining on the roots was gently washed away with distilled water without damaging the roots. In order to obtain a lateral root-free zone with a length of 10-15 mm, laterals which emerged at the basal part of the main root were shaved with a double-edged razor blade. The shaved roots were again transferred to the hydroponic culture and left for 1 week to heal the wounds. Shaving of the laterals enabled the root system to be fixed to the pressure probe successfully.
The whole root system of the Arabidopsis plants grown for 4 weeks was excised close to its base and tightly fixed to a root pressure probe using cylindrical silicon seals (Xantopren; Bayer, Leverkusen, Germany). Great care was taken when handling the roots not to damage them. Stable root pressure (P r ) developed within 1-2 h after fixing the roots to the pressure probe. In the hydrostatic experiments, water flows were induced by moving the meniscus either forwards to increase the pressure in the system (exosmotic water flow) or backwards to reverse the flow (endosmotic water flow). As described by Hose et al. (2000) , hydrostatic relaxation curves are composed of two exponential phases brought about by different rates of changes of P r over time; the initial rapid phase covers ;80% of the entire pressure (volume) and is followed by a slow reversible phase related to the concentration polarization effects at the endodermis (Steudle and Frensch, 1989; Knipfer et al., 2007) . In the present study, the initial phase of hydrostatic relaxation (see Fig. 1A ) was used to measure t 1/2 w and the hydrostatic hydraulic conductivity (Lp hy ) was calculated from the rate constant of water exchange between the root xylem and the medium (k wr ) (Steudle et al., 1987; Steudle, 1989) .
where t 1/2 w is the half-time of water exchange between the root xylem and the medium. The elastic coefficient (b) is the corresponding pressure change in relation to the change in volume of the measuring system (DP r /DV s ). It was determined by inducing stepwise changes of volume (DV s ) with the aid of a movable metal rod and by measuring the resulting changes in root pressure (DP r ; Steudle and Jeschke, 1983) . Finally, A r is the surface area of the conductive part of the root, which is ;98% of the total surface area.
In the osmotic experiments (see Fig. 1B ), the original nutrient solution was rapidly exchanged with a medium containing 25 mM NaCl (;50 mOsmol/kg; measured with a freezing point osmometer), which is a permeating solute. The external root medium was rapidly bubbled with air to aerate the system as well as to minimize the external unstirred layer effect. The water phase of the biphasic osmotic root pressure relaxation yielded k wr , from which the osmotic hydraulic conductivity of the root (Lp os ) was calculated, using Equation 1.
Permeability coefficients of the roots to the solutes (P sr ) were determined by the rate constant of solute exchange (k sr ; second phase in biphasic relaxations), as given by Steudle et al. (1987) :
where t 1/2 s is the half-time of solute exchange and V x is the volume of functional xylem in the root system, which is ;5% from the total root volume, as measured in the cross-sections. Root reflection coefficients (r sr ) for NaCl (permeating solute) were calculated from the following equation: 
where DP r is the maximum change in root pressure caused by changes in the osmotic pressure of the medium (Dp s°¼ RT3C s ; R¼universal gas constant, T¼absolute temperature, C s ¼concen-tration of solute 's' in the medium), and t min is the time required to reach the minimum root pressure. After each measurement, the proper function of the seal was confirmed by cutting off the root at the seal and checking the decrease in the time constant of pressure relaxations. When the xylem of the root remained open, there was a drastic decrease in the half-times (by at least one order of magnitude) or an increase in hydraulic conductance after the cut. If not, the experiment was discarded. After the measurements the root system was removed from the pressure probe in order to measure the surface area. The roots were scanned using a scanner (Cannon Deutschland GmbH, Krefeld, Germany) and the Photoshop 7 program. The surface areas were calculated assuming that the roots were cylindrical.
Measurements of the apoplastic bypass flow of the tracer dye, PTS An excised Arabidopsis root system was fixed to a pressure chamber as described by Zimmermann and Steudle (1998) . The root base was tightly connected to the steel chamber with a flexible rubber material (Terostat, Germany) in order to apply pneumatic pressure to the root medium. The root medium contained the apoplastic tracer PTS (trisodium 3-hydroxy-5,8,10-pyrenetrisulphonate) at a concentration of 0.01% (w/v), which was not toxic and was dissolved in the nutrient solution. The pressure in the chamber was raised to 0.1 MPa (1 bar) and the exuded xylem sap from the cut surface of the root was collected with the aid of a syringe for 1 h. For a few experiments, 2-3 laterals were removed from the root systems with a razor blade and the experiment was repeated. The concentration of PTS in the root medium and in the exuded xylem sap was measured using a fluorescence spectrometer at excitation wavelength 405 nm and emission wavelength 515 nm (Shimadzu, Deutschland GmbH, Duisburg, Germany). The spectrofluorometer was calibrated using five different concentrations of PTS. In the range of concentrations between 10 À6 % and 10 À3 % PTS (w/v), emission increased linearly with increasing concentration.
Statistical analysis
Data on suberin analysis, water and solute permeabilities were analysed using analysis of variance (ANOVA) and the means were compared using the Least Significant Difference (LSD) test at the P <0.05 level. The analytical software Statistix was used to perform all statistical tests. À1 NaCl to the medium or by removing it from the medium). Biphasic responses consist of rapid water efflux (or influx) followed by slow solute influx (or efflux). The addition of NaCl to the medium resulted in a drop in root pressure but it failed to reach the original pressure due to the constantly active efflux of Na ions and the inhibition of other electrogenic pumps in the plasma membrane. In the cutting experiment, a quick drop in root pressure to zero confirmed that the all xylem vessels were open.
Results
Plant morphology
The horst mutant had relatively shorter roots than those of the wild types, whereas the esb mutants had the longest roots (Table 1 ). The size of surface area of the roots followed the same pattern as root length.
Root anatomy: development of Casparian bands, suberin lamellae, and periderm
Casparian bands in the endodermis were detected as typical wavy walls with a yellowish green fluorescence after staining with berberin-aniline blue. In the horst mutant, the Casparian bands first appeared as faint green wavy bands as far as 15-20 mm from the root tip ( Fig. 2A) . In contrast, Casparian bands in Col8 and esb1-1 developed as close as 5 mm from the root tip, and both these genotypes had stained bands with intense yellowish green fluorescence at 8 mm (Fig. 2B, C) . However, the intensity of fluorescence was greater in the esb mutant than in Col8. The lipophilic suberin lamellae were detected as red stains in the cell walls after staining with Sudan red. In the horst mutant, no endodermal suberin lamellae were detected at 10 mm from the tip (Fig. 2D ), but there was a complete ring at ;40 mm (Fig. 2E ). In Col8, only a few cells had suberin lamellae at 10 mm (Fig. 2F ), but they appeared as a complete ring in the endodermis at 20 mm ( Fig. 2G ). Unlike the other genotypes, in the esb mutants, complete suberin lamellae were detected as close as 9 mm from the root tip (Fig. 2H) . The periderm was indicated by a yellowish green fluorescence after staining the roots with fluorochrome Fluorol yellow 088. In all of the genotypes, the periderm only appeared at the very basal parts of the roots. The stained periderm was visible as a net in Col8 (Fig. 2I ).
Chemical composition of suberin in Arabidopsis roots
The chemical composition of suberin was determined for hydroponically grown Arabidopsis roots after using them for the root pressure probe measurements (see below). Transesterification of enzymatically digested cell wall materials with BF 3 /MeOH released monomers of aliphatic suberin. The released aromatic suberin was found in traces (data not shown) compared with the aliphatics. In regard to the unit surface area, the total content of aliphatic suberin in the horst mutant was ;33% lower than that in the wild types, whereas esb1-1 and esb1-2 mutants had 2-fold greater amounts than their wild types (F 6,32 ¼157.5; P <0.001; Table 2 ). A comparative study showed that the total contents of aliphatic suberin in the roots of Arabidopsis and crop plants were within the same range (Table 2) . A detailed study of the monomer composition in Arabidopsis root suberin revealed that it was primarily composed of fatty acids, x-hydroxy acids, DAs, 2-hydroxy acids and alcohols, which were also the prominent substance classes of soil-grown Arabidopsis plants ( Fig. 3A ; Hö fer et al., 2008; Baxter et al., 2009) . In all genotypes, fatty acids, x-hydroxy acids, and DAs were the prominent components, representing >75% of the total. When the suberin monomers were compared, in general, esb1-1 and esb1-2 had the greatest amounts of almost all components except 2-hydroxy acids, and horst had the least (F 6,32 ¼213 at P <0.001 for fatty acids; F 6,32 ¼99 at P <0.001 for alcohols; F 6,32 ¼88 at P <0.001 for x-hydroxy acids; F 6,32 ¼221 at P <0.001 for DAs; Fig. 3A) . The wild types, Col8 and Col0, had significantly greater amounts of x-hydroxy acids and DAs than the horst mutant (P <0.05).
Further analysis of the individual aliphatic monomer components of suberin revealed that C 22 fatty acids, C 16 and C 18(1) DAs, and C 16 , C 18(1) , and C 22 x-hydroxy acids were the prominent components in all Arabidopsis genotypes studied here (Fig. 3B) . The esb1-1 and esb1-2 mutants had greater amounts of these monomers than either the wild types (Col8 and Col0) or the horst mutant; in some cases these were several times greater (t-test; P <0.05; Fig. 3B ). Comparing horst with its wild types, a remarkable reduction of monomers was observed, mainly in C 16 , C 18(1) , and C 18 DAs and x-hydroxy acids (t-test; P <0.05; Fig. 3B ).
Hydraulic conductivity of the roots
When connected to the root pressure probe the root systems took 1-2 h to generate steady-state, positive root pressures. Stable pressures varied according to the individual root systems and the means ranged between 0.1 MPa and 0.2 MPa (Table 1) . Hydrostatic hydraulic conductivity (Lp hy ) was calculated from pressure relaxation curves resulting from the induced water flows (Fig. 1A) . The Lp hy of horst was almost three times greater than that of the other Arabidopsis genotypes studied here (F 6,38 ¼72.1; P <0.001; Table 3 ), demonstrating that reduced suberization resulted in increased Lp hy . However, the Lp hy values of all the other genotypes were the same (P <0.05), indicating that elevated amounts of suberin in esb1-1 and esb1-2 failed to reduce the water permeability below that of their wild types.
Osmotic hydraulic conductivity (Lp os ) was calculated from the water phase of biphasic osmotic relaxations (Fig. 1B) . The Lp os was the same for all Arabidopsis genotypes without any significant differences, except for horst, which was ;2-fold greater (F 6,38 ¼23.9; P <0.001; Table 3 ). However, there was a trend towards the esb mutants having lower Lp os values than their wild types. With the exception of horst, the Lp hy /Lp os ratios of the other genotypes were around unity, indicating a relatively greater cell to cell water flow than apoplastic water flow. The ratio of 1.7 for horst was significantly greater than unity, indicating a relatively greater apoplastic water flow (Table 3) . These results are in line with previous studies where Arabidopsis Lp r was measured using other techniques (see Javot et al., 2003; Postaire et al., 2010) . However, they differed markedly from other crop species such as maize, beans, and cucumber, but were similar to rice (Table 3) .
Apoplastic bypass flow of the fluorescent tracer, PTS
PTS is a mobile fluorescent tracer that is confined to the apoplast and not able to cross a healthy plasma membrane (Moon et al., 1986) . When measured with the pressure chamber using a positive pressure 0.1 MPa, the concentration of PTS in the xylem exudate (percentage of the root medium), which denotes the apoplastic bypass flow in Arabidopsis roots, was apparently small (Table 4) . The bypass flow of PTS did not depend on the amount of suberin in the roots (P <0.05; Table 4 ). In general, regardless of the genotype, roots of all Arabidopsis plants formed tight barriers against PTS, exhibiting absolute apoplastic bypass flows of <0.25%. When two or three laterals were excised from the intact root systems the bypass flows of PTS increased 10-to 20-fold (Table 4) . 
Solute permeability and reflection coefficient of roots
Once the roots had achieved steady-state pressures, the osmotic pressure of the medium was changed-that is, by adding 25 mM NaCl (;0.125 MPa of osmotic pressure) or replacing it with the nutrient solution. Hypertonic conditions caused an efflux of water, whereas hypotonic conditions caused an influx. However, there was a reverse influx (efflux) of solutes into (and out of) the root, which was denoted as the solute phase (second phase of the biphasic relaxations; Fig. 1B) . Following a minimum (or maximum) in pressure, the root pressure tended to return to baseline. Obviously, the roots of all of the genotypes of Arabidopsis studied failed to reach the original root pressure in the solute phase precisely, demonstrating a possible active pumping of NaCl out of the root and an inhibition of the plasma membrane ion pumps by NaCl (Fig. 1B) . The permeability coefficient (P sr ) and reflection coefficient (r sr ) of the solutes were determined from rate constants of the solute phases. The P sr of horst was ;2-fold greater than that of the wild types (F 6,39 ¼11.4; P <0.001; Table 5 ), possibly due to the late or patchy development of apoplastic barriers. The higher P sr of horst correlated with the greater Lp r for this mutant. In contrast, the esb mutants with elevated levels of suberin and their wild types had the same P sr values and did not differ significantly from each other (P <0.05). When comparing the P sr values of Arabidopsis with those of other plant species, rice and maize were found to have greater values; however, these values were smaller than those of Phaseolus (Table 5 ). The passive selectivity of the whole root system as a single tissue for NaCl, which is termed the reflection coefficient (r sr ), ranged from 0.3 to 0.4 (Table 4 ). The esb1-1 and esb1-2 mutants had significantly greater r sr values than horst, whereas the r sr values of the wild types were intermediate (F 6,40 ¼2.2; P <0.05; Table 5 ). In comparison, the r sr values of Arabidopsis for NaCl were greater than those for rice, but lower than those for maize and Phaseolus (Table 5 ). The lower values of r sr for horst correlated with the higher values of Lp r and P sr , indicating that the barrier in horst Enzymatically digested and solvent-extracted root cell walls were subjected to BF 3 /MeOH transesterification. Substance classes and aliphatic monomers were analysed using gas chromatography and mass spectrometry. Absolute amounts of suberin monomers are given as means in lg per cm 2 6SE (n¼5-6 roots). The different letters in the substance classes indicate significant differences at the P <0.05 level (one-way ANOVA). For monomer composition, significant levels of P <0.05, P <0.01, and P <0.001 are indicated by *, **, and ***, respectively (one-way ANOVA).
tended to be more 'leaky' than those in the wild types and esb mutants (see Discussion).
Correlation between total amounts of root suberin versus permeabilities
In Fig. 4 , the total amounts of Arabidopsis root suberin are plotted against the permeabilities. Hydrostatic (Lp hy ) and osmotic (Lp os ) hydraulic conductivities did not decrease linearly with increasing amounts of aliphatic suberin in the roots. Horst showed the lowest amount of total suberin in the roots, but it had the greatest water permeabilities. Even though the esb mutants had almost double the amount of suberin compared with their wild types, the reduction in Lp hy was not that striking (Fig. 4A) . However, there was a better negative correlation between total suberin and Lp os (Fig. 4B) . When comparing solute permeability (P sr ) with total root suberin, the mutant horst obviously had the highest P sr and exhibited the lowest amounts of aliphatics. In contrast, the esb mutants had the lowest P sr and the greatest amounts of aliphatics (Fig. 4C) . Even though the esb mutants had a 2-fold greater amount of suberin than the wild types, this did not result in a 2-fold decrease in the P sr and deviated from the predicted linear negative correlation.
Discussion
To the best of the authors' knowledge, this is the first study in which the permeability of roots for water and solutes was related to the amount and composition of suberin using Arabidopsis wild types and different suberin mutants. Arabidopsis proved to be an ideal species for testing apoplastic permeabilities due to a suberized endodermis in the primary stage, which is then replaced by a suberized periderm during secondary growth. Primarily and notably, Arabidopsis is currently the most available plant species for suberin mutants, with either increased or decreased suberin amounts compared with the wild types. The apoplastic barriers of the roots, composed of aromatic and aliphatic suberin and of lignin, are known to show a negative Table 3 . Hydraulic conductivity (Lp r ) of Arabidopsis root systems Root Lp r was determined using a root pressure probe at room temperature. Values are means 6SE (n¼8-10 roots). Different letters within the same column indicate significant differences at the P <0.05 level (data from this study only). Data in the literature are given for a comparison between Arabidopsis and other plant species, which were grown in hydroponics. correlation to water and solute permeabilities (Steudle and Peterson, 1998; Zimmermann et al., 2000; Schreiber et al., 2005) . However, these conclusions were made on the basis of studies in which the plants were grown under different growth conditions or exposed to different abiotic stresses. For the first time, this study showed direct transport measurements with respect to altered amounts and compositions of suberin in roots from plants grown under the same conditions. Unlike previous studies, the present study determined the amount of Arabidopsis root suberin per unit surface area, which is indeed more applicable when correlated to transport properties. Estimation of the surface area is time consuming and labour intensive. The total root suberin is made up from aliphatics and aromatics, but the latter were present as traces compared with the former (data not shown; see also Franke et al., 2005) . Aliphatic suberin can be found in the walls of the endodermis (in young roots with a primary growth) and of the periderm (in basal zones with a secondary growth) in Arabidopsis roots. However, it has been shown that the amount of peridermal suberin is greater than the amount of endodermal suberin in total (Hö fer et al., 2008 ). x-Hydroxy acids, DAs, and primary carboxylic acids were the most abundant suberin monomers released from the Arabidopsis cell wall samples, which were also discovered in previous studies on Arabidopsis and other plant species (Schreiber et al., , 2007 Franke et al., 2005) .
A comparison of the different genotypes demonstrated that Col8 and Col0 had an ;1.5 times greater amount of total aliphatics than horst (Table 2) . This is in agreement with Hö fer et al. (2008) and Li et al. (2007) , although these authors grew the plants in soil and determined the amount of suberin per unit dry weight rather than by the root surface area. Irrespective of growth conditions and the determined units, the trend of the suberin increment was the same, although the absolute values were not comparable. A detailed study of the suberin composition showed that the major reduction appeared in C 16 and C 18 x-hydroxy acids and DAs of horst plants (Fig. 3A, B) . When comparing the enhanced suberin mutants (esb) with their wild types, the total amount of aliphatic suberin was found to be greater by 2-fold (Table 2) , which also agrees with the discovery of Baxter et al. (2009) . Nevertheless, the absolute amounts were not comparable due to different growth conditions and expressed units. A detailed suberin study demonstrated that the typical suberin monomers, such as x-hydroxy acids, DAs, and carboxylic acids, were strikingly higher in the esb mutants (Fig. 3A, B) , as also found by Baxter et al. (2009) .
The present study may have underestimated the total amount of aliphatic suberin by referring to the amounts in the roots' outer surface area rather than the amount in the endodermal area. Apparently, the number of fine roots with primary growth (with or without a suberized endodermis) outnumbered the roots with secondary growth (only with a periderm), which was found to be ;5% of the whole root system. Hence, the given suberin amounts in this study might be the lower limits.
It was necessary to consider the possible sources of errors or artefacts before accepting that the measured water and solute permeabilities were real. (i) Great care was taken when handling the roots and fixing them to the pressure probes without exposing them to stresses or bending in order to avoid injuries or physical defects. (ii) At the end of each experiment, the roots were excised at the seal and checked for proper tightness. If the xylem remained open, the root pressure dropped down to zero immediately. In addition, roots with a fully opened xylem showed a drastic decrease in half-times of water exchange (by at least one order of magnitude). This proved that the axial hydraulic resistance at the seal was negligible compared with the radial hydraulic resistance. If this was not the case, the experiments were discarded. (iii) It is well documented that unstirred layers may underestimate the Lp os rather than the Lp hy (Dainty, 1963; Steudle and Tyerman, 1983; Knipfer et al., 2007) . In order to minimize the thickness of the external unstirred layers, the medium was vigorously mixed with an air stone during the osmotic experiment. However, great care was taken to avoid too much shaking or turbulence, which would have resulted in damage to the fine roots.
According to the composite transport model, water flows can be apoplastic, cell to cell, or both, depending on the Table 5 . Solute permeabilities (P sr ) and reflection coefficients (r sr ) of the whole root system of Arabidopsis plants grown in hydroponic culture for 4 weeks, measured with a root pressure probe.
Osmotic water flow was induced by changing the osmotic pressure of the medium by adding 25 mM (50 mOsmol kg À1 ) NaCl. Values shown are means 6SE for 6-8 roots. Different letters within the same column indicate significant differences at the P <0.05 level (data from this study only resistances of each pathway (Steudle, 2000a) . Casparian bands located in the anticlinal walls of the endodermis of Arabidopsis primary roots can act as a resistor to hydrostatic pressure-driven flows or the bulk flow of water through the apoplast. The estimated three times greater hydrostatic hydraulic conductivity (Lp hy ) of horst compared with the wild types (Table 3) can be explained in terms of the late development of Casparian bands in the mutant (see Fig. 2A ). The greater Lp hy in horst might also be due to the patchy development of bands, with more pores allowing a greater flow of water. In contrast, the enhanced amount of apoplastic suberin in esb failed to reduce Lp hy significantly compared with the wild types. This may have been due to the apparently identical pattern of Casparian band development in Col8 and esb mutants, in which the bands appeared as close as 5 mm from the tip (see Fig. 2B, C) . This also suggests that the extra deposition of suberin in the developed bands of the esb mutants could not effectively reduce hydrostatic water flow through the apoplast (Fig. 4) . This finding may be related to the way in which suberin is clogged into the walls as discussed by Hose et al. (2001) . When aliphatic suberin intensely fills the pores of cell walls, small amounts may be sufficient to make an efficient barrier against both water and polar solutes. In this case, a surplus of suberin added to the cell walls would not further reduce Lp r or P sr .
Comparison of the present results with earlier data obtained from a pressure chamber showed that the absolute values of Lp hy of Arabidopsis were within the same range (Javot et al., 2003;  Table 3 ). Hence, irrespective of the technique used (either a root pressure probe or a pressure chamber), the water permeability data in the present study and previous studies are comparable. Unfortunately, the recent measurements by Postaire et al. (2010) were not comparable with the present data due to the different units used for Lp r .
Unlike the Casparian bands, suberin lamellae are always deposited on all walls of the endodermis, except in passage cells (Peterson and Enstone, 1996; Peterson and Cholewa, 1998) . The deposited hydrophobic lamellae surround the protoplast and restrict the flow through the plasmalemma. The osmotic hydraulic conductivity (Lp os ), in which water mainly moves through the membranes across the root, was found to be greater by a factor of 1.6 in the horst mutant than in the wild types (Table 3 ). This striking difference can be explained in terms of the late development of suberin lamellae further up from the root tip (20-30 mm) in horst compared with the wild types, in which the development of lamellae appeared at ;10 mm from the root tip (see Fig. 2D-G) . However, in contrast, the early development of suberin lamellae as close as 5-10 mm from the root tip and the extra deposition of suberin in the continuous lamellae of esb did not further reduce Lp os compared with the wild types (Fig. 2H) . It was also evident that the wild types had a greater number of passage cells in the endodermis of younger root zones. This lack of a reduction in Lp os in the esb mutants might have been due to the occurrence of pits or pores in the endodermal lamellae, as recently found in onions by Waduwara et al. (2008) , allowing water to flow through the water channels (aquaporins) of cell membranes. Therefore, the method of pore closure in the cell walls by aliphatic suberin is an important factor for making tight barriers against water. This hypothesis is supported by experimental results showing that lamellae development did not markedly elevate the hydraulic resistance in barley (Sanderson, 1983) , maize (Clarkson et al., 1987) , and in the peripheral layers of rice (Ranathunge et al., 2003) .
The ratio between Lp hy and Lp os predicts the prominent pathway for water, either cell to cell or apoplastic, which are parallel and simply additive to the overall flow. If the ratio is around one, as was found for Arabidopsis, the contribution of the cell to cell pathway is relatively greater than that of the apoplastic pathway for the overall water flow. In horst, the ratio was significantly greater than unity but still many times smaller than in other herbaceous species such as maize and Phaseolus vulgaris (Fiscus, 1986; Steudle and Peterson, 1998; Zimmermann and Steudle, 1998) , indicating a relatively insignificant apoplastic flow. As found for Arabidopsis, in Phaseolus coccineus and barley, the ratio was around or even lower than unity because of a high membrane permeability (Steudle and Jeschke, 1983; Steudle and Brinckmann, 1989) due to the greater water flow through the aquaporins. Previously, many studies showed that osmotic water permeability was typically lower than the hydrostatic hydraulic conductivity due to greater apoplastic water flow (Steudle and Frensch, 1989; Cruz et al., 1992; Steudle et al., 1993; Rü dinger et al., 1994; Steudle and Peterson, 1998) . The lower osmotic permeability in many plant species is due to the greater number of cell layers in the root cylinder, including the endodermis, where water has to cross at least two membranes in each cell.
Since the cells are arranged in series, the membrane resistances for the overall radial water flow are additive. In primary Arabidopsis roots, water molecules only have to cross 3-4 root cell layers in order to reach the stele. Indeed, this number is strikingly small compared with the number of cell layers in other roots. The relatively greater Lp os in Arabidopsis can be explained in terms of a lower membrane resistance due to a few cell layers in the cross-sectional area and abundant plasma membrane aquaporins, such as PIP2;2-1 and PIP2;2-2 (Javot et al., 2003) . As proposed by Schäffner (1998), aquaporins might be concentrated in the passage cells of the endodermis, the rate-limiting layer in Arabidopsis for water flow. Hachez et al. (2006) also showed expression of plasma membrane aquaporins in the endodermis and exodermis, stele, epidermis, and mid-cortex of maize roots. However, it should be taken into account that once the lamellae develop, surrounding and masking the plasmalemma in the endodermis, the contribution of aquaporins to the overall water flow should be reduced. During the apoplastic tracer flux measurements with PTS, the roots were handled gently and great care was taken to avoid injuring the roots, which could have led to artefacts. The positive pressure applied to the medium resulted in a solvent drag of PTS through the apoplast of roots with the bulk/viscous flow of water. Unlike for water, the selectivity of the root for PTS was striking. Irrespective of the amounts and composition of root suberin, and of the genotype, the apoplastic bypass flow of PTS, which denotes the amount of tracer that has moved into the xylem by bypassing the Casparian bands in the endodermis, was markedly low (Table 4) . Removal of 2-3 lateral roots strikingly increased the PTS concentration in the xylem sap due to the greater solvent drag of the tracer through open xylem vessels driven by hydrostatic pressure gradients. The bypass flows were within the same range as found for many other species studied earlier (see Table 4 ). However, the amount of PTS dragged by water through the apoplast, crossing the suberized barriers in Arabidopsis, does not quantitatively imply the bypass flux of water due to its (i) greater physical size compared with water; (ii) the three negative charges which can be repelled by the fixed negative charges of the cell walls; and (iii) the 30 times greater molecular weight compared with water. Hence, PTS markedly underestimated the flux of water through the apoplast, as earlier explained by many other authors (Peterson et al., 1981; Moon et al., 1986; Zimmermann and Steudle, 1998) . It was concluded that any attempt to correlate the bypass flow of PTS to water is doomed to be a failure. However, it may be a good indicator of the bypass flow of NaCl and other solutes.
Similar to water, the NaCl permeability (P sr ) of the horst mutant was substantially greater than for the wild types and esb mutants. However, an increment of the aliphatic suberin in the esb mutants failed to decrease the P sr of roots for NaCl below those of the wild types, which is somewhat different from the previous findings of Baxter et al. (2009) . These authors found that increased levels of suberin in esb1-1 and esb1-2 decreased the accumulation of Ca, Mn, and Zn, but slightly increased the accumulation of Na in the shoot. These slight differences in Na transport in the present and previous studies may be due to differences in the experimental design and growth conditions. Baxter and colleagues grew plants in the soil and studied the accumulation of different elements in the shoots for about a week, which showed longterm effects. In contrast, the data from the present study show the selectivity of Na + in the roots of hydroponically grown plants in short-term experiments. In addition, the present study took direct permeability measurements for NaCl in the roots. Assuming no or negligible amounts of solutes moved into the root through the suberized periderm in very basal zones, which is reasonable, it is suggested that the extra deposition of suberin in the primary roots had no negative effect on NaCl permeability. In contrast, a reduction of suberin in horst made the wall barriers more porous and resulted in a greater solute permeability. The higher values of Lp hy and P sr in the horst mutant indicate that the movement of water and NaCl was apoplastic to some extent, despite the existence of apoplastic barriers. In comparison with other plant species, the P sr of NaCl in Arabidopsis root systems is smaller than in corn or rice but greater than in Phaseolus species (see Table 5 ).
Reflection coefficients (r sr ) refer to the passive selectivity of the whole root tissue for solutes (including membranes and the apoplast) which is inversely related to the P sr . It is assumed that r sr values for solutes in unmodified primary cell walls are zero or very close to zero (Steudle, 1996) . However, modified cell walls, such as the endodermis and periderm in Arabidopsis roots, strive against the movement of solutes and increase the r sr . Generally, values of r sr range from 0 to 1, where 0 means no selection of solutes by the tissue and 1 means no solute flows (P sr ¼0), or they are totally blocked. For the first time, this study presents the r sr and P sr values of Arabidopsis roots, which could not be determined in previous studies using the pressure chamber technique (Javot et al., 2003; Boursiac et al., 2005; Postaire et al., 2010) . The measured r sr values for NaCl ranged from 0.3 to 0.4. The lowest was found in horst, which nicely correlated with the highest P sr . The esb mutants had a greater selectivity for NaCl than horst, but they were not significantly different from those of the wild types (Table 5 ). The r sr of Arabidopsis for NaCl was lower than those of maize and Phaseolus spp., but it was greater than that of rice (Table 5) . Rice is known to have a greater apoplastic bypass flow of Na + , leading to its low salt resistance (Yeo et al., 1987; Krishnamurthy et al., 2009) . A Lp hy /Lp os of unity would suggest a r sr close to 1. However, in a composite transport system, r sr could be low despite a low Lp r and P sr , as was also found for woody species (Steudle and Heydt, 1997) . In the root, a low r sr is due to the fact that two parallel pathways (apoplastic and cell to cell) contribute to the overall water flow. Under these conditions, the overall r sr would be a weighted mean of the r sr values of both pathways. Both pathways would contribute to the overall r sr according to their hydraulic conductance (Steudle, 1992) . Therefore, the overall r sr values in Arabidopsis were fairly small and similar to those of woody species, but greater than in rice and smaller than in other herbaceous species.
In conclusion, for the first time, this study provides direct information on the correlation between root permeabilities with changes in aliphatic suberin amounts and composition in Arabidopsis roots. Variations in suberin amounts in the roots did not tightly correlate with water and solute permeabilities. Reduced amounts of aliphatic suberin resulted in increased permeabilities in horst due to the late deposition of Casparian bands and suberin lamellae as patchy structures. It may also have been due to the presence of more pores in the barriers because of the lack of the required amounts of suberin to make them tight and compact. However, elevated levels of aliphatics in the esb mutants failed to reduce the permeabilities compared with the wild types. Obviously, the extra deposition of hydrophobic suberin into fully developed apoplastic barriers did not necessarily strengthen them further. These findings imply that some caution is required when correlating suberin amounts with the permeability of roots. The simple view that the quantity of hydrophobic suberin negatively correlates with permeability may not always be true. The monomer arrangements in the suberin biopolymer, as well as its microstructure, also have to be considered.
